Abstract. Gas sensors will play an essential role in future combustion-based mobility to effectively reduce emissions and monitor the exhausts reliably. In particular, an application in automotive exhausts is challenging due to the high gas temperatures that come along with highly dynamic flow rates. Recently, a thermoelectric hydrocarbon sensor was developed by using materials which are well known in the exhausts and therefore provide the required stability. As a sensing mechanism, the temperature difference that is generated between a catalytically activated area during the exothermic oxidation of said hydrocarbons and an inert area of the sensor is measured by a special screen-printed thermopile structure. As a matter of principle, this thermovoltage significantly depends on the mass flow rate of the exhausts under certain conditions. The present contribution helps to understand this cross effect and proposes a possible setup for its avoidance. By installing the sensor in the correct position of a bypass solution, the gas flow around the sensor is almost free of turbulence. Now, the signal depends only on the hydrocarbon concentration and not on the gas flow. Such a setup may open up new possibilities of applying novel sensors in automotive exhausts for on-board-measurement (OBM) purposes.
Introduction
Automotive exhausts are particularly challenging for gas sensors (Deutschmann and Grunwaldt, 2013; Twigg, 2003) . On the one hand, fast and detailed information about the actual (mostly low) concentration of a certain gas component is necessary for efficient after-treatment technologies. On the other hand, high temperatures, high dynamically changing flow characteristics and undefined poisoning components (such as oil, ashes, soot or harmful gases) affect the sensor response negatively (Riegel et al., 2002; Ojha et al., 2017b) . In the past decades, only a handful of materials were successfully applied in exhaust gas sensing devices. Mostly, zirconia-based sensors are applied because of their thermal and mechanical robustness in combination with their functional properties. Applications are lambda or NO x sensors, but zirconia is also used as a platform material for soot sensors (Ochs et al., 2010) .
Ongoing legislation and minimization of emission limits require more complex after-treatment systems, and therefore, novel exhaust gas sensors are needed which are sensitive to special gas components (Moos, 2006 (Moos, , 2009 . For example, diesel oxidation catalysts (DOCs) should include an NO 2 or a hydrocarbon (HC) sensor to ensure stable and accurate onboard diagnosis (OBD). Novel sensors also could play an important role for on-board measurements (OBMs) as a future vision beyond OBD. The introduction of real-drivingemissions testing (RDE) is the first step towards a permanent exhaust gas analysis during operation.
Many sensor concepts for various gas species fail with the above-mentioned challenges in the harsh exhaust environment (Moos et al., 2009 ). In particular, turbulent gas flow characteristics with highly dynamic changes of the flow rate affect the temperature homogeneity of the sensor setup and therefore the response signal of most sensors. The approach suggested here is the application of a bypass system. It offers a sensor mounting position that still allows fast measurements with negligible delay times concerning the gas concentration compared to the full flow. In addition, as a special feature, the flow characteristic inside the bypass chamber and around the sensor is homogenized in such a way that changing flow rates do not affect the sensors response anymore.
Recently developed thermoelectric hydrocarbon (HC) sensors Ritter et al., 2017) should especially benefit from an application in a bypass setup. Their major drawback -the flow dependency of the signal -needs to be resolved. The present contribution deals with the origin of this noise factor and gives a possible solution for sensor operation, and finally it validates the simulation using measurements.
Principle of a thermoelectric hydrocarbon sensor
In the following section, the principle of a thermoelectric gas sensor is explained. Such devices are used in this study for two reasons: firstly, thermoelectric sensors are promising candidates for application in harsh conditions. Setup and manufacturing are simple (which also means they are inexpensive for serial production) and can be realized completely using high-temperature stable materials, which ensures longterm stability. We have already demonstrated the feasibility of HC detection for OBD purposes in diesel exhausts by this principle. Secondly, such sensors give a direct response on temperature gradients on the device originating from outer impacts like the gas flow inhomogeneity. Therefore, the thermoelectric sensors are ideal candidates for this investigation, presuming that the evaluated effects also appear with any other kind of gas sensor (Ritter et al., 2017) .
The thermoelectric sensor used here as depicted in Fig. 1 compares two areas of the device: one area is catalytically activated by a porous Pt-loaded alumina thick film; the other area is inert. Reducing gases react on the Pt catalyst; therefore a temperature gradient T between both areas is formed due to exothermic heat on the catalyst-coated side. This temperature gradient is measured by a thermopile structure fully manufactured in thick-film technology. The thermovoltage U sens resulting from the Seebeck coefficients of the participating materials yields a linear response to the reducing gas concentration. The sensor characteristics can be improved by using substrate materials with lower thermal conductivity or by increasing the number of thermopiles in the sensing structure. As thermopile materials, commercially available thickfilm pastes are appropriate such as Au and Pt. To improve the high-temperature stability, we also successfully applied Pt / PtRh (type S) thermocouples . The absolute sensor temperature T abs (e.g., 600 • C) is adjusted by an internal thick-film heater on the reverse side of the sensor. It keeps the catalyst active. For more details, see , Ritter et al. (2017) , Hagen et al. (2017) and Ojha et al. (2017a) . 
Preliminary theoretical considerations
Ideally, the sensor signal U sens is only dependent on the exothermic heat that is caused by the oxidation of the test gas at the catalytically activated area. Without test gas, the temperature gradient and therefore the voltage signal should be zero. In fact, in that case, one measures an offset voltage, stemming from slight nonuniformities of the screen-printed heater tracks or asymmetric heat conduction to the ambiance, which could be, e.g., affected by the sensor mounting. For a constant operation temperature (e.g., T abs = 600 • C) in a stable atmosphere, this offset should not change and can be subtracted before the first measurement.
The most challenging issue is probably the cooling effect of flowing gas reaching the sensor surface. Any case of asymmetric cooling, e.g., from turbulence around the device, causes, as a matter of principle, strong influences on the measured voltage U sens . Former investigations showed that an application of the sensor in the full flow of automotive exhausts leads to strong voltage changes according to changing engine operation conditions and variable flow rates and gas temperatures. Here, it is almost impossible to separate the HC effect from these voltage changes and to evaluate the actual gas concentration with the required low uncertainty.
In order to counteract these drawbacks, the gas should flow symmetrically on both sides of the functional sensor element, which should be mounted perpendicular to the gas flow. This should lead to uniform cooling effects on both sides, and hence, should cause no temperature gradient between the catalytically coated area and the inert area. The gas flow itself should be laminar with no turbulence. To visualize these influences, both cases were FEM (finite element method)-simulated with the help of COMSOL Multiphysics ® .
The temperature distribution of an alumina substrate was regarded for two different cases: firstly, when a laminar gas flow reaches the sensor directly on its surface perpendicular to the flow direction (Fig. 2a) , and secondly, when the sensor substrate was rotated a little to an angle deviation of 10 • (Fig. 2b) . The simulated flow lines of the cold gas (T Air = 20 • C) indicate symmetric effects for the first case (Fig. 2a) . Here, the coloring of the sensor substrate, which indicates its temperature distribution, also changes symmetrically. No gradient between the two areas on the sensor's surface is visible. For the rotated substrate, however, asymmetric cooling due to the differing flow characteristics occurs and is clearly obvious in Fig. 2b . This would lead to a flow-dependent temperature gradient that would significantly affect the sensor signal.
In the model described, a laminar flow profile was assumed. Now, in a second simulation, the influence of turbulence around the sensor should be examined. Therefore, we chose a geometry close to the real setup. The gas supply is connected to a cone-shaped gas inlet that widens the cross section to the width of the sensor chamber (1 = 2.54 cm). We prove the flow lines for three different sensor mounting positions, characterized by their distance to the cone: (1) near to the cone end (2.5 cm), (2) at a little more distance from the inlet (7.5 cm) and (3) at a large distance from the cone (33 cm). In this model, the sensors are mounted at a 90 • position, directly facing the gas flow (Fig. 3) . Now, the flow lines are visualized for positions (1) and (3). A significant difference concerning the flow character occurs. Figure 4 shows the result for the cross-sectional side view through the sensor middle axis. In the cone region when the profile widens up, a dead space is visible with back streaming gas (loops in the simulated flow lines). The flow has not been fully established yet. If one evaluates the gas velocity w in flow direction over the cross section (position and diameter indicated by the green line) and plots these data in relation to the maximum velocity w max for a fully established flow (i.e., for an ideal parabolic flow profile) over the radial distance −1.25 cm < r < +1.25 cm, it becomes clear that negative values also occur (back ward flow), and a high peak value indicates huge differences of the gas velocity over the chamber radius (Fig. 4a) .
Mounting position (1) therefore causes much turbulence behind the sensor; therefore the sensor measurement at this position will be strongly affected be the gas flow rate ( Fig. 4b) . In contrast to that, a laminar flow (with a parabolic shape in Fig. 4a ) is much less disturbed by the sensor when mounted in position (3). The flow lines are more smooth behind the sensor (Fig. 4c) , and the laminar profile is restored much earlier than in case (1).
Concluding these results, a flow-independent measurement should only be possible if the precondition of ideal perpendicular mounting and a laminar flow profile facing the sensor are fulfilled. This shall now be verified by experiments.
Experimental results and discussion
The experimental section is divided into two parts: first, the findings from the FEM simulation will be validated concerning the flow dependency of the sensors for different mounting positions and different orientations. These experiments are conducted with compressed air as the gas medium; sensors do not comprise a catalyst layer for this purpose. In a second step, it shall be proven whether the sensor response to HC is independent of the gas flow rate. Here, we use the same sensor chamber. The test gases are mixed by mass flow controllers, and a catalyst (1 wt % Pt / alumina) ensures the functionality of the sensor as described previously (Wiegärt- Figure 4 . Cross-sectional side view of simulated gas flow lines in the setup described (Fig. 3) for 90 • sensor mounting at position (1) and position (3) (b, c) and evaluated gas velocity over the inner diameter 2.5 cm in front of the sensor (green line) for both cases (a).
ner et al., 2015). Data were obtained using a Keithley DMM 2700.
Measurements in air
From the FEM modeling it was concluded that a laminar flow that impacts the sensor surface directly and perpendicularly should be a necessary precondition for flow independency. We proved this assumption in experiments. Sensor chamber and sensor geometry data are similar to the modeling parameters (see Fig. 3 ). For each mounting position, we varied the gas flowV from 0 to 35 L min −1 and measured the sensor response for a certain time (about 1 min). The sensors were operated constantly at 300 • C as absolute sensor temperature. Readjusting for different flow rates is done by controlling the four-wire resistance in the heater structure to a constant value (Bischof et al., 1999; Wiegärtner et al., 2015) . For data visualization, the temperature gradient ( T , concerning the sensor's front side) was calculated from the voltage signal and plotted over the gas flow rate. Therefore, a couple of values for each flow rate (we measured about 30 values during 1 min of constant flow) indicate by their scattering whether the signal is noisy for that flow rate and, to that effect, whether turbulence occurs. As expected, we found significant differences between the three different mounting positions mentioned above (Fig. 5) : position (1) leads to high scattering within each flow rate (range = 2 K, i.e., ±1 K) and even the mean values (calculated within each flow rate) differ strongly between the different flow rates (from T = 4 K @ 2 L min −1 to ∼ 1 K @ 15 L min −1 and 1.5 K @ 35 L min −1 ). Better results can be achieved for mounting position (2). Here, the mean value is mostly constant ( T = 2 K) for all flow rates, but scattering is still high. Measurements at position (3) show the best results, where a constant mean value of T = 1.5 K between 5 and 35 L min −1 with stable values (scattering ±0.25 K) occurs.
At position (3), we also did additional tests concerning the mounting orientation of the sensor. Here, the expectation was also met: changing the mounting angle by +5 • leads to a higher mean value. Interestingly, this mean value is mostly Figure 5 . Measured sensor signal (T abs = 300 • C) with dependence on the gas flow rate (temperature difference T between both sensor areas calculated from the measured thermovoltage) for the three different mounting positions described, (1), (2) and (3), (a-c) and for a slightly rotated mounting at position (3) (d). constant. A change by −10 • decreases the mean value, and furthermore, due to the higher discrepancy from the ideal case (see Fig. 2 ), a significant flow dependency occurs. Scattering is not affected by the mounting orientation, so it seems that this is an effect of turbulence, considering its dependency from the mounting position.
In real-world applications, the sensor has to provide correct results, even under highly dynamic flow rate changes. Therefore, in the next experiment it should be proven whether the positive result can be reproduced in unsteady flow conditions. Again, compressed air was used as the test gas. The sensor was mounted at a 90 • angle at position (3) and operated at T abs = 300 • C. The flow rate was changed rapidly in the range between 0 and 48 L min −1 as indicated in Fig. 6 . As a result, the sensor voltage even now scattered only in a small range around a stable mean value ( T = 1.5 K, as already seen in Fig. 5c ) during the whole test.
HC concentrations' measurements
In the next step, the flow variation was combined with a stepwise hydrocarbon admixture to demonstrate the performance of the system presented. The sensors were mounted at positions (1) and (3) in the tube described for comparison. The flow rate was varied from 2 to 4 L min −1 ; the base gas contained 10 % O 2 in N 2 . For the test gas we added 750 ppm propene to each measurement. For better understanding, the results are shown as raw data (voltage signal U sens ) over time (Fig. 7) .
When regarding the results at mounting position (1), the typical issues described above are visible. The offset value as well as scattering strongly depends on even small changes in the flow rate. In each run, the HC step leads to a sensor response that is not even detectable anymore for the highest flow rates. Due to the offset changes, one cannot distinguish between both effects as long as the flow rate is unknown. For mounting position (3), the flow dependency is highly reduced. Both offset changes and scattering are mostly avoided. Here, the sensor response is a direct measure of the HC content in the test gas, independent of the gas flow rate.
This setup provides an opportunity for stable and repeatable HC measurements. Therefore, we suggest arranging gas sensors that are prone to dynamic gas flow changes to be installed in such a way that no turbulence occurs around the sensor.
Conclusion
The flow dependency, as the main problem of robust thermoelectric gas sensors, can be avoided by mounting the sensor in an appropriate sensor tube. Here, the gas flow characteristics are defined in such a way that the gas flow around the sensor is mostly laminar. Cooling effects arising from the gas flow are symmetric, and therefore, the sensor signal is not affected by the flow rate anymore. With these findings, one of the major drawbacks of chemical gas sensors to be applied in automotive exhausts could be resolved. Now, on-boardmeasurement systems using chemical gas sensors come into question because several novel sensor principles might profit from such a bypass solution. In a first step of further work, we will aim to reproduce such results in real exhausts.
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